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A METHOD AND APPARATUS FOR GENERATING A LARGE NUMBER OF 
CODES HA VING DESIRABLE CORRELA TION PR OPER TIES 

Inventors 
P. Vijay Kumar 
Marcus H. Pendergrass 

CROSS-REFERENCE TO OTHER APPLICATIONS 

The following applications of common assignee may contain common disclosure with the 
present application: 

U.S. Patent Application Aft. 09/638,192 entitled "A METHOD FOR SPECIFYING NON- 
TEMPORAL PULSE CHARACTERISTICS", filed on August 15, 2000 (Attorney Docket 
No. 28549-165559). 

U.S. Patent Application No. 09/638,046 entitled "A METHOD AND APPARATUS FOR 
APPLYING CODES HAVING PREDEFINED PROPERTIES", filed on August 15, 2000 
(Attorney Docket No. 28549-165552). 

U.S. Patent Application Aft. 09/637,878 entitled "A METHOD AND APPARATUS FOR 
POSITIONING PULSES USING A LAYOUT HAVING NON-ALLOWABLE REGIONS", 
filed on August 15, 2000 (Attorney Docket No. 28549-165553). 

U.S. Patent Application Aft. 09/638,150 entitled "A METHOD AND APPARATUS FOR 
POSITIONING PULSES IN TIME", filed on August 1 5, 2000 (Attorney Docket No. 28549- 
165554). 
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U.S. Patent Application 09/638,151 entitled "A METHOD AND APPARATUS FOR 
MAPPING PULSES TO A NON-FIXED LAYOUT", filed on August 15, 2000 (Attorney 
Docket No. 28549-165555). 

U.S. Patent Application No. 09/638,152 entitled "A METHOD AND APPARATUS FOR 
5 SPECIFYING PULSE CHARACTERISTICS USING CODE THAT SATISFIES 

PREDEFINED CRITERIA", filed on August 15, 2000 (Attorney Docket No. 28549-165556). 

U.S. Patent Application No. 09/638,153 entitled "A METHOD FOR SPECIFYING PULSE 
CHARACTERISTICS USING CODES", filed on August 15, 2000 (Attorney Docket 
No. 28549-165557). 

10 U.S. Patent Application No. 09/638,154 entitled "A METHOD FOR SPECIFYING NON- 
0 ALLOWABLE PULSE CHARACTERISTICS", filed on August 1 5, 2000 (Attorney Docket 
J! No. 28549-165558). 

[J U.S. Patent Application No. 09/708,025 entitled "A METHOD AND APPARATUS FOR 
m GENERATING A PULSE TRAIN WITH SPECIFIABLE SPECTRAL RESPONSE 
J5 CHARACTERISTICS", filed on November 8, 2000 (Attorney Docket No. 28549-165402). 

\Z The above-listed applications are incorporated herein by reference in their entireties. 

Ill 
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TECHNICAL FIELD 

The present invention relates to impulse radio systems and, more particularly, to a method and 
apparatus for generating codes with desired correlation properties. 

BACKGROUND OF THE INVENTION 

5 As the communication bandwidth in the crowded frequency spectrum becomes an increasingly 
scarce and valuable commodity, significant efforts are being applied to devise methods that 
enable more efficient use of available bandwidth. In addition, significant efforts are being 
applied to an alternative form of radio technology known as Ultra Wideband (UWB) technology. 

UWB technology involves the transmission and reception of very low power, extremely short- 

p 

i|0 duration pulses for use in multiple-access communications, radar, and positioning applications, 

i if!; 

"2 among other things. As its name implies, UWB signals have an extremely wide frequency 
bandwidth on the order of one or more gigahertz (GHz). Because UWB communication systems 

12 are based on communicating extremely short-duration pulses (e.g., picoseconds in duration), 

^ such systems are also known as impulse radio systems. Impulse radio systems are described in a 

115 series of patents, including U.S. Patent Nos. 4,641,317 (issued February 3, 1987), 4,743,906 

(J (issued May 10, 1988), 4,813,057 (issued March 14, 1989), 4,979,186 (issued December 18, 

55 1990), and 5,363,108 (issued November 8, 1994) to Larry W. Fullerton, and U.S. Patent Nos. 

5 

5. .jj; 

j* 5,677,927 (issued October 14, 1997), 5,687,169 (issued November 11, 1997), and 5,832,035 
(issued November 3, 1998) to Larry W. Fullerton, et ah These patents are incorporated herein by 
20 reference. 

Impulse radio systems are radically different from conventional narrowband radio systems 
including multiple access spread-spectrum (also referred to as wideband) systems such as Code 
Division Multiple Access (CDMA), Time Division Multiple Access (TDMA), Frequency 
Division Multiple Access (FDMA), and Orthogonal Frequency Division Multiplexing (OFDM) 
25 systems. Unlike such non-impulse radio systems, which use continuous sinusoidal waveforms 
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for transmitting information, an impulse radio transmitter emits a train of short electromagnetic 
pulses, which are shaped to approach a Gaussian monocycle. The impulse transmitter generates 
pulses and applies them to a specified transmission medium, via a coupler, such as an antenna, 
which electromagnetically radiates the pulses for reception by an impulse radio receiver. The 
transmitter may also modulate the generated pulses to convey information. 

The impulse radio receiver is a single-stage direct conversion receiver with a correlator front end 
that coherently converts the received pulses into a baseband signal based on a priori knowledge 
of the relative timing of the pulses. The impulse radio receiver depends, in part, on processing 
gain to achieve rejection of unwanted signals. The correlator detects and integrates the desired 
received pulses coherently, while undesired noise signals are integrated non-coherently. In this 
manner, the impulse radio receiver effectively extracts the low power pulse train signal from the 
noise. Additionally, an impulse radio transmitter may modulate multiple pulses to represent a 
single data bit, thus enabling an impulse radio receiver to integrate the multiple pulses to achieve 
a signal-to-noise ratio sufficient to recover the data bit over longer distances or in the presence of 
interference. Because of these high processing gains, impulse radio systems are relatively 
immune to unwanted signals and interference that limit the performance of conventional (non- 
impulse) radio systems. Furthermore, these high processing gains allow for much higher 
dynamic ranges than those commonly achieved by conventional spread-spectrum systems. 

Impulse radio systems typically transmit and receive pulses in accordance with a time-hopping 
code that specifies the relative time positions of the pulses. As such, the time-hopping code 
defines a communication channel that can be considered as a unidirectional data path for 
communicating information at high speed. The time-hopping code, which may be locally 
generated in real-time or stored in a memory storage device, may be applied in accordance with a 
periodic timing signal that corresponds to the data-rate of the multi-state information signal. The 
data rate of the impulse radio transmission may, for example, be a fraction of a periodic timing 
signal that is used as a time base or time reference. In this manner, the time-hopping code 
determines the nominal positions of the pulses. 
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In order to communicate information over such channels, impulse radio transmitters may use one 
or more forms of modulation such as pulse position modulation, flip modulation, or vector 
modulation. Pulse position modulation is a form of time modulation where pulse positions are 
varied from nominal positions based on instantaneous samples of a modulating information 
5 signal. The modulating information signal may, for example, be a multi-state information signal, 
such as a binary signal. Under this arrangement, each pulse is time modulated by adjusting its 
position to one of two or more possible times. For example, in order to send a "0" binary bit, the 
pulse may be offset from a nominal position by about -50 picoseconds. For a "1" binary bit, the 
pulse may be offset from the nominal position by about +50 picoseconds. One-of-many Position 
10 Modulation (OMPM) is described in co-owned, co-pending patent application titled "Apparatus, 
System and Method for One-of-Many Position Modulation in an Impulse Communications 
System," Application No. 09/875,290, filed June 7, 2001, assigned to the assignee of the present 
"2 invention and incorporated herein by reference. 

\Q Flip modulation is a form of modulation where pulses may be inverted, or flipped, depending on 
f£5 the modulating information signal For example, in order to send a "0" binary bit, a non-inverted 
O pulse may be transmitted at its nominal position. For a "1" binary bit, an inverted pulse may be 
g transmitted. Pulse position and flip modulation can also be combined. Flip modulation is further 
5 2 described in co-owned, co-pending patent application titled "Apparatus, System and Method for 
18 FLIP Modulation in an Impulse Radio Communications System," Application No. 09/537,692, 
f|0 filed March 29, 2000, assigned to the assignee of the present invention and incorporated herein 
by reference. 

Vector modulation includes the steps of generating and transmitting a series of time-modulated 
pulses, each pulse delayed by one of at least four pre-determined time delay periods and 
representative of at least two data bits of information, and receiving and demodulating the series 
25 of time-modulated pulses to estimate the data bits associated with each pulse. Vector modulation 
techniques are further described in patent application titled "Vector Modulation System and 
Method for Wideband Impulse Radio Communications," Application No. 09/169,765, filed 
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December 9, 1999, assigned to the assignee of the present invention, and incorporated herein by 
reference. 

Coding techniques have been used in conventional spread-spectrum code division multiple 
access (SS-CDMA) systems to accommodate multiple users by permitting them to use the same 
5 frequency bandwidth at the same time. Direct sequence CDMA systems employ pseudo-noise 
(PN) codewords generated at a transmitter to "spread" the bandwidth occupied by transmitted 
data beyond the minimum required by the data. The conventional SS-CDMA systems employ a 
family of orthogonal or quasi-orthogonal spreading codes, with a pilot spreading code sequence 
synchronized to the family of codes. Each user is assigned one of the spreading codes as a 
10 spreading function. One such spread-spectrum system is described in U.S. Pat. No. 4,901,307 
entitled "Spread-Spectrum Multiple Access Communication System Using Satellite or Terrestrial 
I n Repeaters" by Gilhousen et ah 

m Dent et al in U.S. Patent No. 5,353,352 disclose a multiple access coding technique for radio 
12 communications, such as cellular systems, in which individual information signals are encoded 
if 5 with a common block error-correction code. The information signals are assigned a unique 
k 4 scrambling mask, or signature sequence, taken from a set of scrambling masks having selected 
U correlation properties. The set of scrambling masks is selected such that the correlation between 
IZ the modulo-2 sum of two masks with any codeword in the block code is a constant magnitude, 
|i independent of the mask set and the individual masks being compared. In one embodiment, when 
iiO any two masks are summed using modulo-2 arithmetic, the Walsh transformation of that sum 

if :J=R 

results in a maximally flat Walsh spectrum. 

Awater et al in U.S. Patent No. 5,862,182 disclose enhancing encoding/transmission of 
information in an OFDM Wireless Local Area Network (WLAN) system using complementary 
codes. The complementary codes are converted into phase vectors and the resulting phase 
25 vectors are then used to modulate respective carrier signals. The modulated result is then 
transmitted to a receiver which decodes the received signals to recover the encoded information. 
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Awater et al in U.S. Patent No. 6,005,840 disclose a combined complementary encoder and 
modulation WLAN system for an OFDM transmitter system that combines complementary 
coding and modulation and exploits the similarity of their mathematical structure to reduce 
implementation complexity. Additionally, the combined complementary encoder and 
5 modulation system can be modified to provide scalability, which allows a transmitter to operate 
in various transmission environments. 

Unlike conventional spread-spectrum systems, impulse radio systems typically do not employ 
time-hopping codes for the purpose of energy spreading. This is because the monocycle pulses 
themselves have an inherently wide bandwidth. Instead, the impulse radio systems use the time- 
10 hopping codes primarily for channelization, energy smoothing in the frequency domain, and 
interference suppression. 

% t. I* 1 practice, decoding errors are minimized using distinctive time-hopping codes with suitable 

\U autocorrelation and cross-correlation properties. The cross-correlation between any two time- 
ill 

Q, hopping codes should be low for minimal interference between multiple users in a 

•§5 communications system or between multiple target reflections in radar and positioning 

k 4 applications. At the same time, the autocorrelation property of a time-hopping code should be 
steeply peaked, with small side-lobes. Maximally peaked time-hopping code autocorrelation 

|J yields optimal acquisition and synchronization properties for communications, radar and 

IP positioning applications. 

13 

f i0 Specialized coding techniques can be employed to specify temporal and/or non-temporal pulse 
characteristics to produce a pulse train having certain spectral and/or correlation properties. As 
stated above, coding provides a method of establishing independent communication channels. 
Specifically, families of time-hopping codes can be designed such that the number of pulse 
coincidences between two pulse trains produced by any two codes will be no more than some 
25 maximum number (e.g., four), regardless of the time offset between the two pulse trains 
simultaneously arriving at an impulse radio receiver. Coding can also be used to facilitate signal 
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acquisition. Specifically, coding techniques can be used to produce pulse trains with a desirable 
main-lobe-to-side-lobe ratio and to reduce acquisition algorithm search space. 

Typically, a code consists of a number of code elements having integer or floating-point values. 
A code element value may specify a single pulse characteristic or may be subdivided into 
5 multiple components, each specifying a different pulse characteristic. Code element or code 
component values typically map to a pulse characteristic value layout that may be fixed or non- 
fixed and may involve value ranges, discrete values, or a combination of value ranges and 
discrete values. A value range layout specifies a range of values that is divided into components 
that are each subdivided into subcomponents, which can be further subdivided, as desired. These 
10 components and subcomponents are also referred to as frames and subframes. A discrete value 
layout involves uniformly or non-uniformly distributed discrete values. A non-fixed layout (also 
referred to as a delta layout) involves delta values relative to some reference value. Fixed and 
^0 non-fixed layouts, and approaches for mapping code element/component values, are described in 
*Q co-owned, co-pending applications, titled "Method for Specifying Pulse Characteristics Using 
J|5 Codes," Application No. 09/638,153 and "A Method and Apparatus for Mapping Pulses to a 
J3 Non-Fixed Layout," Application No. 09/638,151, both filed on August 15, 2000, both of which 
S are incorporated herein by reference. 

If* A fixed or non-fixed characteristic value layout may include a non-allowable region within 
I i which a pulse characteristic value is disallowed. A method for specifying non-allowable regions 
J JO is described in co-owned, co-pending application titled "A Method for Specifying Non- 
Allowable Pulse Characteristics," Application No. 09/638,154, filed August 15, 2000, and 
incorporated herein by reference. A related method that conditionally positions pulses 
depending on whether code elements map to non-allowable regions is described in co-owned, co- 
pending application, titled "A Method and Apparatus for Positioning Pulses Using a Layout 
25 having Non- Allowable Regions," Application No. 09/637,878 filed August 15, 2000, and 
incorporated herein by reference. 

The signal of a coded pulse train can be generally expressed by: 
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s}%)=Y(-¥ ) ^o ) {cft-Tf\b^) 

J 

where k is the index of a transmitter, j is the index of a pulse within its pulse train, (-l)^ ' , o/^, 
bj k) , c/ k \ and a)(t,b/®) are the coded polarity, pulse amplitude, pulse type, pulse width, and 
normalized pulse waveform of the f h pulse of the transmitter, and Tj® is the coded time shift 
5 of the / h pulse of the transmitter. Note: When a given non-temporal characteristic does not 
vary (i.e., remains constant for all pulses), it becomes a constant in front of the summation sign. 

Various numerical code generation methods can be employed to produce codes having certain 
correlation and spectral properties. Such codes typically fall into one of two categories: designed 
codes and pseudorandom codes. A designed code may be generated using a quadratic 
,10 congruential, hyperbolic congruential, linear congruential, Costas array, or other such numerical 

*3 code generation technique designed to generate codes having certain correlation properties. A 

s y 

,q pseudorandom code may be generated using a computer's random number generator, binary 
shift-register(s) mapped to binary words, a chaotic code generation scheme, or the like. Such 
'random-like 5 codes are attractive for certain applications since they tend to spread spectral 
energy over multiple frequencies while having 'good enough 5 correlation properties, whereas 
designed codes may have superior correlation properties but possess less suitable spectral 
[f properties. Detailed descriptions of numerical code generation techniques are included in a co- 
i*3 owned, co-pending patent application titled "A Method and Apparatus for Positioning Pulses in 
*™ Time," Application No. 09/638,150, filed August 15, 2000, and incorporated herein by reference. 

20 It may be necessary to apply predefined criteria to determine whether a generated code, code 
family, or a subset of a code is acceptable for use with a given UWB application. Criteria may 
include correlation properties, spectral properties, code length, non-allowable regions, number of 
code family members, or other pulse characteristics. A method for applying predefined criteria 
to codes is described in a co-owned, co-pending application, titled "A Method and Apparatus for 

25 Specifying Pulse Characteristics using a Code that Satisfies Predefined Criteria, 55 Application 
No. 09/638,152, filed August 15, 2000, and incorporated herein by reference. 
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One of the limitations of coding techniques like those described above is that they tend to 
produce a limited number of codes having desirable correlation properties. Because UWB 
technology is applicable to a wide variety of applications including communications, radar, and 
positioning, large numbers of codes are required to support large numbers of impulse radio 
systems. Accordingly, there exists a need for a coding method capable of generating large 
numbers of codes having desirable correlation properties. 

SUMMARY OF THE INVENTION 

The present invention provides a method and apparatus for generating codes that may also be 
referred to as number sequences, which have desirable correlation properties for use by UWB, 
CDMA, TDMA, FDMA, or OFDM systems. The generated codes can be used to specify 
temporal and non-temporal signal characteristics including pulse position in time, amplitude, 
width, type, phase, phase difference, frequency, spreading code, etc. The invention includes 
methods for generating the codes, apparatuses employing the codes, and methods for employing 
the codes. The invention involves defining a signal characteristic value layout and mapping a 
generated code to the defined value layout, where a signal comprises a pulse or a conventional 
(non-impulse) radio signal, as appropriate for the intended system. A code or a family of codes 
may be generated in accordance with a specific mathematical algorithm comprising a sequence 
of steps. Code generation may be in real time by a system employing the code or in non-real 
time, for example, generated by a computer and stored in a memory storage device for use by the 
system. Codes generated in accordance with the invention can be used for channelization 
purposes or for any other purpose such as, for example, energy spreading. 

One aspect of the invention involves an algorithm for generating a family of codes, and 
comprises the steps of: 

specifying a prime number, p, having magnitude greater than 3 and an associated Galois 
field, GF(p); 
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selecting a first primitive element of GF(p) 9 a, and a second primitive element of GF(p), /?, 

wherein a = f3 or a (3\ 
defining a family of p+l polynomials, wherein k is an integer and 0 < k < p, wherein 

fk(x) = mod p (x 2 +x+k) when k<p and Mx)= mod p (x+l) when k = p; 
5 defining a family ofp+1 matrices, wherein each matrix, A {k \ has dimension (p-\) x (p-1) and 

the element of row / in column j of matrix A (k \ A {k) ij, is defined to have a first state when 

f k {d)=mo& p (0) and is otherwise defined to have a second state; and 
producing a family of p+l number sequences, wherein the values of members of each 

number sequence, are determined in accordance with the elements of a corresponding 
10 matrix, of said family of p+l matrices. 

In one exemplary embodiment, producing a family of p+l number sequences comprises the steps 
13 of 

Ji enumerating the position of each element A {k \j within each matrix A {k \ wherein said element 

is assigned a position number, rty =jx(p-l) + i; and 
?f 5 producing in accordance with each matrix, A^ k \ a number sequence, wherein the values of 

U the members of said number sequence are the position numbers of the elements in said 

[ x matrix having said first state. 

i ^* 

ft In another exemplary embodiment, producing a family of p+l number sequences comprises the 
[|o step of 

producing in accordance with each matrix, A^ k \ a number sequence, having members in 
accordance with each column j of said matrix, wherein the value of a member is either the 
row index, /, of the element A ik \ within said column j having said first state or null when all 
elements within said column j have said second state. 

25 

In one exemplary embodiment, the produced codes are mapped to a value layout having p -2p+l 
values that corresponds to a value layout for a pulse characteristic, which can be a temporal pulse 
characteristic or a non-temporal pulse characteristic. In another exemplary embodiment, the 
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value layout corresponds to a layout for one of a conventional (non-impulse) radio signal 
frequency, phase, or amplitude characteristic. In still another exemplary embodiment, the value 
layout corresponds to a value layout of spreading codes. In each of these embodiments, the 
produced codes have a maximum autocorrelation value that is less than or equal to 4 for any 
5 nonzero offset and a maximum cross-correlation value that is less than or equal to 4 for any 
offset when correlated against another code in the produced code family. 

Previous coding methods for generating families of codes having desirable correlation properties 
generate codes that specify the presence of a signal in each component of a value layout, such 
that each code in a code family specifies the same number of signal characteristics as every other 
10 code in the code family. Using the method of the invention, code families may include codes 
that specify a signal is not present in at least one but no more than two of components when 
O mapped to a value layout, such that a code in a code family may specify a different number of 
signal characteristics than another code in the code family. 

1 1 Thus, a second aspect of the invention relates to a method for generating a code family 
J;|5 comprising the steps of: 



defining a signal characteristic layout having n components that are each subdivided into m 
J T subcomponents, wherein m and n are positive integers; and 

fi generating a code family, wherein at least one code of the code family specifies that a signal 

is not present in at least one of said components but no more than two of said components 
20 when mapped to said signal characteristic value layout. 

Because previous coding methods for generating families of codes having desirable correlation 
properties generate codes that specify the same number of signal characteristics as every other 
code in the code family, the memory storage requirement for each code in a generated code 
family is the same as for every other code in the code family. Because the method of the 
25 invention can generate a code family having codes that specify different numbers of signal 
characteristics than other codes in the code family, an opportunity exists to compress codes in 
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order to reduce the memory storage requirement of a code family. Thus, a third aspect of the 
invention relates to a method of code compression comprising the steps of: 

enumerating the position of each element, A ip of a matrix, A, having n rows and m columns, 
said matrix corresponding to a code that specifies a signal is not present in at least one 
component when mapped to a signal characteristic value layout, wherein each said 
element is assigned a position number, = j x n + i, wherein 0 < / < (n-1) and 
0<j<(m-l); and 

storing in an array the assigned position number of each said element Ay of said matrix A that 
specifies that a signal is present in a component when mapped to a signal characteristic 
value layout. 

In one embodiment of the invention, the array is referred to as an occupancy array that specifies 
the subcomponents within a time layout in which a pulse is to be placed. One skilled in the art 
will understand that a similar array can be used to specify non-temporal pulse characteristics or a 
characteristic of a conventional (non-impulse) radio signal as appropriate for the system 
employing the code. 

Moreover, the above objects and advantages of the invention are illustrative, and not exhaustive, 
of those that can be achieved by the invention. Thus, these and other objects and advantages of 
the invention will be apparent from the description herein, both as embodied herein and as 
modified in view of any variations which will be apparent to those skilled in the art. 

BRIEF DESCRIPTION OF THE DRAWINGS 

Embodiments of the invention are explained in greater detail by way of the drawings, where the 
same reference numerals refer to the same feature. 

Figure 1 illustrates a block diagram of an exemplary impulse transmitter to employ the invention. 
Figure 2 illustrates a block diagram of an exemplary impulse receiver to employ the invention. 
Figure 3 A shows the waveform of a template signal. 
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Figure 3B shows the waveform of a received impulse radio signal at a set of several possible 
time offsets. 

Figure 3C represents the output of the cross-correlator for each of the time offsets of Figure 3B. 
Figure 4 illustrates cross-correlation of two codes. 

Figure 5 depicts an exemplary embodiment of pulse characteristic value range layout parameters. 
Figure 6 illustrates non-allowable regions in a characteristic value range layout within which a 
characteristic value is not allowed. 

Figures 7a and 7b illustrate evenly and not evenly distributed discrete layout values respectively. 
Figure 8 depicts an exemplary embodiment of the invention using a combination of a discrete 
value layout and a value range layout. 

Figure 9 illustrates a layout divided into n time frames each subdivided into m subframes. 
Figure 10 illustrates a flow diagram for generating all codes in a code family in accordance with 
the design. 

Figure 1 1 illustrates a matrix A {k) for a code k having dimension (p-l) x (p-1). 

Figure 12 illustrates the code matrix A*® for each code k in the code family for Example 1 . 

Figure 13 illustrates autocorrelation values for Example 2. 

Figure 14 illustrates cross-correlation values for Example 2. 

Figure 15 illustrates occupancy arrays for Example 3. 

Figure 16 illustrates maximum cross-correlation values for Example 3. 
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DETAILED DESCRIPTION OF THE INVENTION 



Overview 

The present invention provides a method and apparatus for generating and using codes that may 
be referred to as number sequences, which have desirable correlation properties for use in UWB, 
5 CDMA, TDMA, FDMA, or OFDM systems. The generated codes can be used to specify 
temporal and non-temporal signal characteristics including pulse position in time, amplitude, 
width, type, phase, phase difference, frequency, spreading code, etc. The invention involves 
defining a signal characteristic value layout and mapping a generated code to the defined value 
layout, where a signal comprises a pulse or a conventional (non-impulse) radio signal, as 
10 appropriate for the intended system. A code or a family of codes is generated in accordance with 
a specific mathematical algorithm comprising a sequence of steps. A code may be generated in 
o real time by a system employing it or in non-real time, for example, generated by a computer and 

Pi! 

% stored in a memory storage device for use by the system. 

U The preferred embodiment of the present invention is described in terms of mapping the 
If 5 generated codes to characteristics of pulses used in an impulse radio system. It will be apparent 
'"'^ to someone skilled in the art that the generated codes may be similarly mapped to characteristics 
I* of conventional (non-impulse) radio signals used in CDMA (including Time Division-CDMA), 
TDMA, FDMA, OFDM and other frequency-hopping or direct sequence systems. Furthermore, 
the described impulse radio technology is generally applicable to impulse communications 
1 20 systems and various other impulse system applications including but not limited to impulse radar 
systems and impulse positioning systems. Accordingly, the terminology 'impulse radio' can be 
generally interchanged with the terminology 'impulse transmission system and impulse reception 
system'. 

Impulse radio refers to a radio system based on short, low duty-cycle pulses. An ideal impulse 
25 radio waveform is a short Gaussian monocycle. As the name suggests, this waveform attempts 
to approach one cycle of radio frequency (RF) energy at a desired center frequency. Due to 
implementation and other spectral limitations, this waveform may be altered significantly in 
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practice for a given application. Many waveforms having very broad, or wide, spectral 
bandwidths approximate a Gaussian shape to a useful degree. Examples of such waveforms 
include the pulse doublet, pulse triplet, pulse quadlet, or a pulse wavelet set produced by 
combining two or more pulse waveforms. 

5 In an impulse radio system, pulse spacing may be held constant or may be varied on a pulse-by- 
pulse basis by information, a code, or both. Various aspects of a pulse waveform may be 
modulated to convey information and to further minimize structure in the resulting spectrum. 
Amplitude modulation, phase modulation, frequency modulation, time-shift modulation and M- 
ary versions of these were proposed in U.S. Patent No. 5,677,927 to Fullerton et al. 9 previously 
10 incorporated by reference. Time-shift modulation can be described as shifting the position of a 
pulse either forward or backward in time relative to a nominal coded (or uncoded) time position 
^ in response to an information signal. Each pulse in a train of pulses may be delayed a different 
H ; amount from its respective time base clock position by an individual code delay amount plus a 
v2 modulation time shift. This modulation time shift is normally very small relative to the code 
f|5 shift. 

"4 A pulse train can be characterized by its autocorrelation and cross-correlation properties. 
\& Autocorrelation properties pertain to the number of pulse coincidences (i.e., simultaneous arrival 

It of pulses) that occur when a pulse train is correlated against an instance of itself that is offset in 

fi 

t$ time. Of primary importance is the ratio of the number of pulses in the pulse train to the 

rJ 

1 20 maximum number of coincidences that occur for any time offset across the period of the pulse 
train. This ratio is commonly referred to as the main-lobe-to-side-lobe ratio, where the greater 
the ratio, the easier it is to acquire and track a signal. Cross-correlation properties involve the 
potential for pulses from two different signals simultaneously arriving, or coinciding, at a 
receiver. Of primary importance are the maximum and average numbers of pulse coincidences 
25 that may occur between two pulse trains. As the number of coincidences increases, the 
propensity for data errors increases. 
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An exemplary embodiment of an impulse radio transmitter 102 of an impulse radio 
communication system having an optional subcarrier channel will now be described with 
reference to Figure 1. The transmitter 102 comprises a time base 104 that generates a periodic 
timing signal 106. The time base 104 typically comprises a voltage controlled oscillator (VCO), 
5 or the like, having a high timing accuracy and low jitter, on the order of picoseconds (ps). The 
control voltage to adjust the VCO center frequency is set at calibration to the desired center 
frequency used to define the transmitter's nominal pulse repetition rate. The periodic timing 
signal 106 is supplied to a precision timing generator 108. 

The precision timing generator 108 supplies synchronizing signals 110 to the code source 112 
10 and utilizes the code source output 1 14, together with an optional, internally generated subcarrier 
signal, and an information signal 116, to generate a modulated, coded timing signal 118. An 
r~ a information source 120 supplies the information signal 1 16 to the precision timing generator 108. 
*5 The information signal 116 can be any type of intelligence, including digital bits representing 
\Q voice, data, imagery, or the like, analog signals, or complex signals. 

[|5 A pulse generator 122 uses the modulated, coded timing signal 1 18 as a trigger signal to generate 
=| output pulses. The output pulses are provided to a transmit antenna 124 via a transmission line 
N 126 coupled thereto. The output pulses are converted into propagating electromagnetic pulses 
130 by the transmit antenna 124. 



% The impulse radio receiver is typically a direct conversion receiver with a cross-correlator front- 
r *10 end that coherently converts an electromagnetic pulse train of monocycle pulses to a baseband 
signal in a single stage. The baseband signal is the basic information signal for the impulse radio 
communications system. A subcarrier may also be included with the baseband signal to reduce 
the effects of amplifier drift and low frequency noise. 

An exemplary embodiment of an impulse radio receiver (hereinafter called the receiver) for the 
25 impulse radio communication system is now described with reference to Figure 2. The receiver 
202 comprises a receive antenna 204 for receiving a propagated impulse radio signal 206. A 
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received signal 208 is input to a cross-correlator or sampler 210, via a receiver transmission line, 
coupled to the receive antenna 204. The cross-correlation 210 produces a baseband output 212. 

The receiver 202 also includes a precision timing generator 214, which receives a periodic 
timing signal 216 from a receiver time base 218. The time base 218 may be adjustable and 
5 controllable in time, frequency, or phase, as required by the lock loop, comprising the lowpass 
filter 242, time base 218, precision timing generator 214, template generator 228, and correlator 
210, in order to lock on the received signal 208. The precision timing generator 214 provides 
synchronizing signals 220 to the code source 222 and receives a code control signal 224 from the 
code source 222. The precision timing generator 214 utilizes the periodic timing signal 216 and 
10 code control signal 224 to produce a coded timing signal 226. The template generator 228 is 
triggered by this coded timing signal 226 and produces a train of template signal pulses 230 
n ideally having waveforms substantially equivalent to each pulse of the received signal 208. The 
'2 code for receiving a given signal is the same code utilized by the originating transmitter to 
generate the propagated signal. Thus, the timing of the template pulse train matches the timing of 
f|5 the received signal pulse train, allowing the received signal 208 to be synchronously sampled in 
li the correlator 210. The correlator 210 preferably comprises a multiplier followed by a short- 
s term integrator to sum the multiplier product over the pulse interval. 

\t The baseband output 212 from the correlator 210 is coupled to a subcarrier demodulator 232, 
ft which demodulates the subcarrier information signal from the optional subcarrier. The purpose 
jjo of the optional subcarrier process, when used, is to move the information signal away from DC 
(zero frequency) to improve immunity to low frequency noise and offsets. The output of the 
subcarrier demodulator is then filtered or integrated in the pulse summation stage 234. A digital 
system embodiment is shown in Figure 2. In this digital system, a sample and hold 236 samples 
the output 235 of the pulse summation stage 234 synchronously with the completion of the 
25 summation of a digital bit or symbol. The output of sample and hold 236 is then compared with 
a nominal zero (or reference) signal output in a detector stage 238 to provide an output signal 
239 representing the digital state of the output voltage of sample and hold 236. 
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The baseband signal 212 is also input to a lowpass filter 242 (also referred to as lock loop filter 
242). A control loop, comprising the lowpass filter 242, time base 218, precision timing 
generator 214, template generator 228, and correlator 210, is used to generate an error signal 
244. The error signal 244 provides adjustments to the adjustable time base 218 to position in 
5 time the periodic timing signal 226 in relation to the position of the received signal 208. 

In a transceiver embodiment, substantial economy can be achieved by sharing part or all of 
several of the functions of the transmitter 102 and receiver 202. Some of these include the time 
base 218, precision timing generator 214, code source 222, antenna 204, and the like. 

Figures 3A-3C illustrate the cross-correlation process and the correlation function performed by 
10 the correlator 210. Figure 3 A shows the waveform of a template signal 230. Figure 3B shows 

the waveform of a received impulse radio signal 208 at a set of several possible time offsets. 
l 'i Figure 3C represents the output of the correlator 21 0 for each of the time offsets of Figure 3B. 



The following discussion illustrates the use of coding for channelization purposes, which is 
lZ consistent with the codes that may be generated in accordance with the present invention. As is 
(15 well understood in the art, families of codes can be designed such that the number of 
: * coincidences between signals specified by any two codes of a code family will be minimal. For 
example, Figure 4 depicts cross-correlation properties of two QC codes. Like the codes of the 
it invention, QC codes are guaranteed to have no more than four coincidences when two codes of a 
=S code family are cross-correlated. In Figure 4 it can be seen that the maximum number of 

: is 1 

"20 coincidences is less than or equal to four. Generally, keeping the number of signal (e.g., pulse) 
collisions minimal represents a substantial attenuation of the unwanted signal. Coding can also 
be used to facilitate signal acquisition. For example, coding techniques can be used to produce 
signals (e.g., pulse trains) with a desirable main-lobe-to-side-lobe ratio. In addition, coding can 
be used to reduce acquisition algorithm search space. 

25 One of the features of the present invention relates to generating codes having desirable 
correlation properties. As described in detail below, the present invention includes a method for 
generating codes where the maximum cross-correlation of any two codes of the generated code 
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family is less than or equal to 4 and the maximum autocorrelation of any code in the code family 
is less than or equal to 4 for any nonzero offset. Each generated code consists of a sequence of 
code element values. The method of the invention involves defining a value layout 
corresponding to the time period over which the pulses are overlaid, or a value layout 
5 corresponding to values of another pulse characteristic, e.g., pulse amplitude. A mapping 
approach maps the code element values to pulse characteristic values as defined in the value 
layout based on the generated code. In an exemplary embodiment, the code element values of a 
generated code are mapped to pulse positions in accordance with the defined time value layout 
and code mapping approach. It will be apparent to someone skilled in the art that the generated 
10 codes may be similarly mapped to non-temporal pulse characteristics such as pulse amplitude, 
pulse width (in time), pulse polarity, and pulse type or to characteristics of conventional (non- 
impulse) radio signals such as phase, frequency, or the like. 

^3 Pulse Characteristic Value Layouts 

%1 Pulse characteristic value layouts can be defined to facilitate mapping of codes to pulse 

j;f 5 characteristics. Such value layouts can be defined in a multitude of ways to accommodate a 

13 

*4 wide variety of impulse radio system applications. One way to characterize a layout is by 
1 4 . specifying a range of pulse characteristic values. Another way to characterize a layout is by 
specifying discrete pulse characteristic values. 

i 

I £ Value Range Layout 

20 One exemplary embodiment involves a pulse characteristic value range layout where a range of 
pulse characteristic values is divided into smaller and smaller components to achieve a desired 
component resolution. Thus, each component, subcomponent, or smaller component 
corresponds to a pulse characteristic value range within the value range layout. A code element 
value of a generated code can be mapped to a pulse characteristic value range and vice-versa. 

25 The exemplary embodiment described below establishes this pulse characteristic value range 
layout using any of various temporal or non-temporal pulse characteristics. 
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Figure 5 illustrates an exemplary value range layout which can represent a temporal, non- 
temporal, or combination of the two, pulse characteristic such as, e.g., timing of a pulse and 
amplitude. Figure 5 includes a value range layout 502. The pulse can take on characteristic 
values between a minimum value vq 510 and a maximum value v max 512 in layout 502. Layout 
5 502, as shown, can be subdivided into components 504. Components 504 can in turn be divided 
into subcomponents 506. Subcomponents 506 can in turn be divided into smaller components 
508. Smaller components 508 can then be divided into even smaller components, as shown. The 
process of subdividing components can be repeated, ad infinitum, so that smaller and smaller 
components can be obtained. 

10 The process of subdividing a layout into components is now described in detail. In particular, 
Figure 5 depicts an exemplary embodiment of pulse characteristic value range layout parameters. 

i% Specifically, a pulse characteristic value range 502 is shown. As depicted in Figure 5, two layout 

% 5 parameters, vo and v max , can be specified to define a pulse characteristic value range 502 bounded 

%B by a minimum value of vo and a maximum value of v wax . A second layout parameter, N compom nts> 

J|5 can be specified to divide the value range 502 into one or more components 504 of the same size, 

f 3j or of different sizes, with each component 504 (indexed by the letter n) having a minimum value, 

s v m j„(n) 9 and a maximum value, v max (n), where n = 1 to N components . 



if if!; 



The number and size of components 504 used in a given layout can be selected for various 
1 reasons. For example, the number and size of components 504 can be tailored to meet, e.g., 
io specific application requirements, to remain within system implementation limits, to achieve one 
or more of a variety of system characteristics in areas such as, e.g., performance (i.e., bit rate), 
reliability (i.e., bit error rate), system-simplicity, ease-of-use, inter alia. When different sized 
components 504 are employed, minimum and maximum values can be specified for each 
component 504 indexed by n, wherein the minimum value for a given component, v min (n), equals 
25 the maximum value of the preceding component, v wax (/7-U or vo, and the maximum value of a 
given component, v max (n), equals the minimum value for the following component, v m i n (n+l), 
or v max . When same sized components 504 are employed, the value range is evenly divided such 
that v max (n) - v min (n) is equal for each component 504 indexed by n. 
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An array of layout parameters, N su b components (N component $), can be specified to subdivide each 
component 504 into subcomponents 506 of the same size, or different sizes, with each 
subcomponent 506 (indexed by m) of the component 504 (indexed by n) having a minimum 
value, v min (n,m), and a maximum value, v max (n,m), where n = 1 to N components and m = 1 to 
5 N subcomponents^) ^ As with components 504, the number and size of subcomponents 506 for a 
given component 504 used in a given value range layout 502 can also be tailored to meet, e.g., 
specific application requirements, to remain within system implementation limits, to achieve one 
or more of a variety of system characteristics in areas such as, e.g., performance (i.e., bit rate), 
reliability (i.e., bit error rate), system-simplicity, ease-of-use, etc., and/or for many other reasons. 
10 When different sized subcomponents 506 are employed, minimum and maximum values are 
specified for each subcomponent 506 indexed by m of each component 504 indexed by n, 
wherein the minimum value for a given subcomponent, v min (n,in), equals the maximum value of 
1% the preceding subcomponent, Vmaxfam-X), or the minimum value of the component in which the 
subcomponent resides, v min (n) } and the maximum value of a given subcomponent, v max (n,m), 
lis equals the minimum value for the following subcomponent, v min (n,m+l), or the maximum value 
1% of the component in which the subcomponent resides, v max (n). When same sized subcomponents 
*** 506 are employed, components are evenly divided such that v max (n y m) - v min (n y m) is equal for 
(& each subcomponent 506 indexed by m of a component 504 indexed by n or for all components 
Q such that all subcomponents 506 of a given component 504 are of the same size, wherein 
1|0 subcomponent sizes may vary from component to component or all subcomponents of all 
1^ components are of the same size depending on the sizes of the components and the numbers of 
subcomponents in the components. 

In a manner consistent with the subdivision of components into subcomponents, additional 
multi-dimensional arrays of layout parameters can be used to further subdivide subcomponents 
25 506 into smaller components 508 (as shown) of the same or different sizes, ad infinitum, until a 
smallest desirable component resolution is attained, with components at each resolution level 
having a minimum value, v min (n y m y .„ i a) ) and a maximum value, v max (n f fn,...,a), where n = 1 to 

^ components^ m ~ 1 tO N subcomponents^) '? 0 = 1 to A T smallest components'^ -J Such further 



-23- 



(Atty DktNo. 28549-176566) 



subdivision of subcomponents into smaller and smaller components enables systems with finer 
and finer tuning resolution and thus higher and higher fidelity, increases modulation accuracy, 
and can be useful for other purposes. As with components 504 and subcomponents 506, the 
number and size of these smaller components 508 can also be tailored, e.g., to meet specific 
5 application requirements, to remain within system implementation limits, to achieve one or more 
of a variety of system characteristics in areas such as performance (i.e., bit rate), reliability (i.e., 
bit error rate), system-simplicity, ease-of-use, etc., and/or for many other reasons. When 
different sizes of these smaller components 508 are employed, minimum and maximum values 
are specified for each smaller component 508 (indexed by a), wherein the minimum value for a 
10 component, v m j„(n,m,...,a) 9 equals the maximum value of the preceding component, 
v nta x(n,m t ...,a-l) 9 or the minimum value of the next higher level component in which the 
component resides, v min (n,m, ...), and the maximum value of a given component, v max (n y m } ...,a), 
equals the minimum value for the following component, v min (n,m } ...,a+l), or the maximum value 
^0 of the next higher level component in which the component resides, v ma x(n,rn, ...). When same 
|I5 sized smaller components 508 are employed, the next higher level components 506 are evenly 
}!j divided such that v wax (w,fw, ...,a) - v m in(n,m, ...,a) is equal for each smaller component 508 indexed 
k : i by a of a given next higher level component or for all next higher level components such that all 
1 4, components of a given next higher level component are of the same size, wherein component 
1 2 sizes may vary from next higher level component to next higher level component or all 
IftO components of all higher level components are of the same size depending on the sizes of the 
|T next higher level components and the numbers of components in the next higher level 
components. 

At the top of Figure 5, the pulse characteristic value range 502 is depicted as bounded by 
endpoints of vo and v max . Beneath this illustration an equivalent value range 502 is shown that 
25 has been subdivided into four components 504 by setting the layout parameter N components to a 
value of four (4), and the size of each component has been established by setting the minimum 
and maximum values of each component, v min (n) and v^w), where n = 1 to 4. An enlargement 
of the second component 504 is then shown where the component has been subdivided into 
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twenty subcomponents 506 by setting the layout parameter N su bcomponents(2) to a value of twenty 
(20), and the size of each subcomponent 506 has been established by setting the minimum and 
maximum values of the subcomponents 508 within component two 504, v min (n,rn) and v max (n,in), 
where n = 2 and m = 1 to 20. As illustrated, there are 20 subcomponents 506 in component 504, 
5 indexed by h=2, and m=\ to 20, labeled v min (2,\) and v max (2,20). 

An enlargement of the eighth subcomponent 506 of component two 504 is then shown where the 
subcomponent 506 has been subdivided into ten smaller components 508 by setting the layout 
parameter N sma iier C omponents(2-$) to a value of ten (10), and the size of each smaller component 508 
has been established by setting the minimum and maximum values of the smaller components 

10 within subcomponent eight 506 of component two 504, v min (n,mj) and v max (n,m,l), where n — 2, 
m = 8, and / = 1 to 10. As illustrated, there are 10 smaller components 508 in subcomponent 

J 506, indexed by n = 2, m = 8, and / = 1 to 10, labeled v w /„(2,8,l) and v^^^JOJ. 

i It is then shown that these smaller components 508 could be subdivided into x even smaller 

% components (whose size is not shown) using another layout parameter [e.g., 

1 5 N even smaller components(2 ,8,5,) = x], which can be further subdivided, ad infinitum. Also not shown 

4 in Figure 5, are enlargements of the other components 504, subcomponents 506, and smaller 

^ components 508, which in an exemplary embodiment could also contain twenty subcomponents 

f 506, ten smaller components 508, and x even smaller components, respectively. 

:wi 

*s By subdividing a value range layout into levels of smaller and smaller components and by 
20 varying or not varying the size of components at different levels, a multitude of different layout 
permutations can be defined. Examples of such permutations are included in a co -owned patent 
application entitled "Method for Specifying Pulse Characteristics Using Codes", Application No. 
09/638,153, filed August 15, 2000, which was previously incorporated by reference. It should be 
noted, however, that other layouts including, e.g., infinite combinations of similar and different 
25 sized components, could also be used within the scope of the present invention. It should also be 
noted that the pulse characteristics could include any of various temporal, non-temporal, or both 
temporal and non-temporal characteristics. 
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In a preferred embodiment of the present invention, a value range layout consists of n same-sized 
components (or frames) each consisting of n same-sized subcomponents (or subframes). In 
another embodiment of the present invention, a value range layout consists of n same-sized 
components (or frames) each consisting of m same-sized subcomponents (or subframes). 

5 Non-Allowable Regions Within Value Range Layouts 

As shown in Figure 6, one or more non-allowable regions can be defined in a characteristic value 
range layout within which a characteristic value is not allowed. A non-allowable region may 
fully or partially include one or more components, subcomponents or smaller components. A 
non-allowable region can be based solely on value position within a component, subcomponent, 
10 or smaller component. For example, a non-allowable region can be defined such that a pulse 
characteristic val t ue cannot be less than the minimum value or greater than the maximum value of 
O a given component. Non-allowable regions are further described in co-owned, co-pending patent 
\U application entitled "A Method for Specifying Non- Allowable Pulse Characteristics", 
il Application No. 09/638,154, filed August 15, 2000, which was previously incorporated by 
reference. 

R 

Discrete Value Layouts 

U Another exemplary embodiment of the present invention defines a layout of pulse characteristic 

fig 

values by specifying a layout of discrete characteristic values to which individual code elements 

$ ^ 

J 3 can map. As depicted in Figures 7a and 7b, a layout parameter, Ndiscrete values can be specified to 
20 identify some number of discrete values within a layout having a value, v(n) 9 with an index n, 
where n = 1 to N discrete va i ues . Discrete values may, e.g., be evenly distributed, or not, as depicted 
in Figures 7a and 7b, respectively. 

Beginning with Figure 7a, the diagram 700 illustrates an exemplary embodiment in which thirty- 
seven (37) evenly-distributed (the first two width values are labeled 708, 710) discrete 
25 characteristic values, v(l) 704 through v(37) 706, are shown. In the exemplary embodiment, the 
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number of discrete values 704, 706 within layout 702 is thirty-seven (37) and is referred to as 

N discrete values~~ 37. 

Figure 7b depicts, in an exemplary embodiment, a diagram 712 illustrating six (6) non-evenly- 
distributed (the first two width values are labeled 718 and 720) discrete characteristic values, 
5 v(l) 714 through v(6) 716. In the exemplary embodiment, the number of discrete values 714, 
716 within layout 722 is six (6) and is referred to as N discrete values = 6. 

Examples of temporal and non-temporal discrete value layouts are included in a co-owned, co- 
pending patent application entitled "Method for Specifying Pulse Characteristics Using Codes", 
Application No. 09/638,153, filed August 15, 2001, which was previously incorporated by 
10 reference. 

Combinations of Value Range and Discrete Value Layouts 

In one exemplary embodiment of the present invention, the discrete value layout embodiments 
; ; f illustrated in Figures 7a and 7b, described above, can be combined with an embodiment of a 
II value range layout such as, e.g., the value range layout 502 of Figure 5, enabling code element 
s|5 values to specify, e.g., a component 504 within the value range layout 502 and a discrete value 
: s within the component 504 (not shown). The use of a combination of the discrete value layout and 
l& value range layout approaches is shown in Figure 8. 

■ Specifically, Figure 8 is a diagram 800 showing an exemplary embodiment of the invention 
f& using a combination of a discrete value layout similar to the one depicted in Figure 7a, and a 

20 value range layout similar to that shown in Figure 5. Referring now to Figure 8, a value range 
layout 802 is subdivided into four (4) components (the first two are labeled 804, 806) that are 
subdivided into nine (9) subcomponents (the first two are labeled 812, 814). Component 806 is 
shown with a subcomponent 812 which has been further expanded to illustrate discrete values 
from v m i n (2 9 5) 824 to v max (2,5) 826. Thus, as illustrated, each subcomponent 812 contains 27 

25 discrete values. The layout 802 of the exemplary embodiment of diagram 800 could, e.g., be 
specified by setting N components = 4, N subcompomnts (l-4) = 9, and N discrete ^^(1-4,1-9) - 27. 
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Code Mapping 



A multitude of exemplary code mapping embodiments may be employed in conjunction with 
pulse characteristic value layouts to accommodate impulse radio system implementation 
requirements and to optimize system performance for specific applications. The coding method 
5 of the present invention can be applied to the coding methods for specifying temporal and non- 
temporal pulse characteristics, as described in commonly owned, co-pending applications titled 
"A Method and Apparatus for Positioning Pulses in Time," Application No. 09/638,150, filed 
August 15, 2000, which was previously incorporated by reference, and "A Method for 
Specifying Non-Temporal Pulse Characteristics," Application No. 09/638,192, filed August 15, 
1 0 2000, which is incorporated herein by reference. 

In some applications, it may be desirable to employ a combination of codes. Codes may be 
^ combined sequentially, nested, or sequentially nested, and code combinations may be repeated. 
kU Sequential code combinations typically involve switching from one code to the next after the 
|t occurrence of some event and may also be used to support multicast communications. Nested 
:f 5 code combinations may be employed to produce pulse trains having desirable correlation and 
*4 spectral properties. For example, a code generated in accordance with the present invention may 
l ^ be used to specify value range components within a layout and a nested pseudorandom code may 
\™ be used to randomly position pulses within the value range components. With this approach, 
|p correlation properties of the code are maintained since the pulse positions specified by the nested 
Bo code reside within the value range components specified by the designed code, while the random 
positioning of the pulses within the components results in particular spectral properties. A 
method for applying code combinations is described in a co-owned, co-pending application, 
titled "A Method and Apparatus for Applying Codes Having Pre-Defined Properties," 
Application No. 09/638,046, filed August 15, 2000, which was previously incorporated by 
25 reference. 
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Code Generation 

As stated above, the present invention relates to a code generation method that can provide a 
large number of codes having desirable correlation properties. The codes are defined relative to 
an mxn matrix, where n denotes the columns of the matrix that correspond to the components of 
5 a pulse characteristic value layout, and m denotes the rows of the matrix that correspond to the 
subcomponents within the components of the layout. Thus, a pulse characteristic specified by a 
element value within a given matrix cell (zj) maps to the z th subframe of the / h frame, where 
index i has values from 1 to n and index j has values from 1 to m, as shown in Figure 9. Those 
skilled in the art will recognize that the assignment of matrix columns to layout components and 
10 matrix rows to layout subcomponents is an arbitrary decision. Alternatively, matrix rows could 
be assigned to layout components and matrix columns assigned to layout subcomponents, in 
which case certain equations and methods of the current invention described below would be 
^ modified in accordance with the alternative assignment. 

ri: 

i& In accordance with the current invention, families of codes having any code length (i.e., nxm) 

:f 5 may be generated where the maximum cross-correlation between any two codes in a code family 

k 4 is less than or equal to 4, and the autocorrelation of any code in a code family is less than or 

y s equal to 4 when disregarding the zero offset. The zero offset of an autocorrelation occurs 
whenever a code (or coded signal) is perfectly aligned with a copy of itself in which case all code 

li elements (or signals/signal portions) coincide. 

T flit 

r !20 Conventional coding schemes apply at least one pulse characteristic to a subcomponent of each 
layout component. For example, time-hopping codes typically position pulses in one and only 
one subframe within each frame of a defined time layout. According to a unique property of the 
coding method of the present invention, one or more codes within a generated code family may 
specify a signal (e.g., pulse) is not present in as many as two of the components (or frames) 
25 within the defined layout. Thus, the present invention is capable of producing codes that can be 
used for purposes such as, for example, interference sampling or to facilitate a signal acquisition 
scheme. A method of sampling interference that may leverage such empty components is 
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described in co-owned, co-pending patent application titled "A Method and Apparatus for 
Receiving a Plurality of Time Spaced Signals", Attorney Docket No. 28549-165404, filed June 
13, 2001, which is incorporated herein by reference. 

Codes of the present invention are typically mapped to a repeating value layout such that one 
5 instance of the code specifies, for example, one instance of a pulse train, which repeats. 
Accordingly, an instance of a code may be referred to as its code cycle. In accordance with the 
unique property of the code generation method of the present invention, each code may be 
expressed using an occupancy array C, which specifies only those subcomponents in which a 
signal is to be present in the code cycle. Specifically, the elements of the occupancy array C of a 
10 code identify the subcomponents in the code cycle of the code containing a signal, or signal 
portion, where the subcomponents are counted successively from the beginning of the code 
cycle. For example, if a code has 3 components each having 3 subcomponents (i.e., a 3 x 3 
^ code), the code has 9 total subcomponents that may be consecutively numbered from 0 to 8. 
*fl Continuing the example, an occupancy array C - [0, 4, 8] maps to subcomponent 0 (i.e., the first 
J|5 subcomponent in the first component), subcomponent 4 (i.e., the second subcomponent in the 
second component), and subcomponent 8 (i.e., the third subcomponent in the third component), 
s Thus, the occupancy array specifies that a signal is not present in subcomponents 1, 2, 3, 5, 6, 
IT and 7. If the signal is a UWB signal, the occupancy array C = [0, 4, 8] indicates that 
[f subcomponents 0, 4, and 8 each contain a pulse and that subcomponents 1, 2, 3, 5, 6, and 7 
|;|0 contain no pulses. The remaining description of the invention assumes use of an occupancy 
r "~ array. However, those skilled in the art will understand that an occupancy array is only one 
approach that can be used to facilitate mapping of a code to a value layout and that various 
alternatives can be used within the scope of the current invention such as those described in co- 
owned, co-pending application titled "Method for Specifying Pulse Characteristics Using 
25 Codes," Application No. 09/638,153, filed on August 15, 2000, which was previously 
incorporated by reference. Additionally, those skilled in the art will understand that the 
occupancy array can be employed in a different manner than described above; for example, 
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elements may be stored in a different order to accommodate an alternative value layout mapping 
scheme. 



The coding method of the present invention provides code families having ((p-l) x (p-l)) codes, 
where p is any prime number greater than 3. Each generated code family has p+l codes. For 
5 each code in a code family of the present invention, each component of the code cycle has at 
most one signal (e.g., a pulse) or signal portion, and no more than two components have no 
signal present. In other words, each component of the code cycle has zero subcomponents or one 
subcomponent having a signal present, and zero, one, or two components in the code cycle have 
no signal present. 

10 Figure 10 illustrates a flow diagram for generating a code family in accordance with the present 
invention. 



In block 1, several values are selected to generate a code family, namely: a prime number p > 3, 
which defines the length of each code and the Galois field GF(p) of order p; a primitive element 
a of GF(p); and a primitive element fi of GY(p), The two primitive elements a and /?need not be 



In block 2, a generating function / is defined for each code in the code family. Generating 



where x is a real number. The number of generating functions defined is p+l. The function 
20 mod p (x) performs the function of modulo p on x and is defined to be the remainder when x is 
divided by p. For example, ifp = 5, mod 5 (l) = 1, mod 5 (5) =0, mod 5 (7) = 2, and mod 5 (-l)= 4. 

In block 3, a matrix A is determined for each code in the code family. The matrix A (k) for code k 



35 distinct. The primitivity of a and /?may be verified using any well-known method. 



function/^ i 



is a polynomial defined for code k, where 0 < k < p, as follows: 




has size (p-l) x (p-l) and has elements A) ) given by: 
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0 otherwise 



1 if/<*V) = mod,(/?') 



where 0 < k < p, and i and j are integers, 0 < ij < p-2. A value of 1 for an element of A® 



corresponds to a signal, or signal portion, being present in a subcomponent in the code cycle, and 
a value of 0 for an element of A (k) corresponds to no signal portion being present in a 
subcomponent of the code cycle. Instead of using elements of 0 and 1 for the matrix A® 9 any 
elements having a first state and a second state, respectively, can be employed. 

Figure 11 illustrates a matrix A (k) for a code k 9 which has size (p-l) x (p-l). The code cycle of 
code k has (p-l) components and (p-l) subcomponents. The columns of the matrix A (k) 
correspond to the (p-l) components in the code cycle of code k and are numbered from 0 to p-2. 
The rows of the matrix A (k) correspond to the (p-l) subcomponents within each of the (p-l) 
components in the code cycle of code k and are numbered from 0 to p-2. 

In block 4 of Figure 10, a position array P is determined for each code in the code family. The 
position array for code k is determined as follows: 



where r = j(p-l)+i and 0 < ij < (p-2). Then 0 < r < (p 2 -2p) and \P®\ = (p-l) 2 , where \X\ 
indicates the cardinality (i.e., the number of elements) of the array X. Each element in the 
position array P corresponds to a subcomponent in the code cycle of the code. Each element in 
the position array P having a zero value corresponds to a subcomponent in the code cycle not 
having a signal. Each element in the position array P having a nonzero value corresponds to a 
subcomponent in the code cycle having a signal, where the nonzero value equals the number of 
the consecutively numbered subcomponent in which the signal is present. One skilled in the art 
will recognize that 'position array' would be 'amplitude array', 'frequency array', or whatever 
name would be appropriate for an array used to specify code element values that map to another 
signal characteristic in accordance with the current invention. 




j<j>-i)+i if ^=1 

0 if Af ] = 0 
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In block 5, an occupancy array C is determined for each code k in the code cycle. The 
occupancy array C is based on the position array P from block 4 and is generated by removing 
the zeros from the position array P. The size of the occupancy array & } for code k is p-3 < 
< p-l. The values for the elements in the occupancy array C are the numbers of the 
5 consecutively numbered subcomponents in a code cycle of the code in which a signal is present. 
One skilled in the art will recognize that the steps described for blocks 4 and 5 of Figure 10 can 
be performed in various other ways and that the producing of an occupancy array from a matrix 
can be generally treated as a single step. Furthermore, as with the terminology 'position array', 
the terminology 'occupancy array' can be similarly replaced as would be appropriate to specify a 
10 non-temporal pulse characteristic or a conventional (non-impulse) radio signal characteristic. 

Instead of generating all codes in a code family, one, two, or any number of codes in a code 
f family can selectively be generated by choosing the appropriate number of generating functions / 
^0 in block 2 and following through with blocks 3 through 5. For example, if one code is desired, a 
U3 single generating function in block 2 is selected, and the code is generated according to blocks 3 
1 15 through 5. 

'4 The method of generating codes in accordance with the present invention is illustrated by 
Examples 1 through 3, which follow. 

f i Example 1 

:f For block 1, select p = 5, a = 2 of GF(5), and ft = 3 of GF(5), verifying the primitivity of a and 
20 fl. 

For block 2, the following generating functions are defined: 

f ] (x) = modi(x 2 + x) 
f l) (x) = mod 5 (x 2 +x+\) 
f-\x) = mod 5 (x 2 + x + 2) 
25 f } (x) = mod 5 (x 2 + x + 3) 

f } (x) = mod^x 2 +x + A) 
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f } (x) =mod 5 (x + \). 

For block 3, a matrix A® is determined for each code k in the code family, where 0 < k < 5. 
Each matrix A (k) is based on the corresponding generating function f k) . Figure 12 illustrates the 
code matrix A (k) for each code k in the code family. The values in the row above each matrix A® 
5 are the values of powers of a modulo 5 (i.e., mod 5 (d) for 0 < j < 3), and the column of values 
to the left of each matrix A (k) are the values of powers of p modulo 5 (i.e., mods (/?) for 0 < i < 
3). 

For block 4, a position array is determined for each code k in the code family. For example, 
for code 0 and code 1, the position arrays are: 

10 P (0) = [0, 0, 0, 3, 4, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 15] 

P a) = [0, 1, 0, 0, 0, 0, 0, 7, 8, 0, 0, 0, 0, 13, 0, 0]. 

%q For block 5, an occupancy array is determined for each code k in the code family. The 
12 occupancy arrays for the 6 (=p + 1) codes are as follows: 





[3,4,15] 




[1,7, 8,13] 




[2, 5,11,14] 


ii c^ = 


[6,9] 




[0, 10, 12] 




[3, 5,14]. 


20 Example 2 





In Example 2, a larger code cycle is generated than in Example 1 . For block 1, the following are 
selected: p — 29, which results in a Galois field GF(29) having 12 primitive elements; a= 21 of 
GF(29); and J3= 27 of GF(29) are chosen and verified to be primitive. 

As per block 2, 30 generating functions may be defined. However, since the generation of only 
25 two codes is desired, generating functions for code 17 and code 26, which were selected 
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arbitrarily for this example to illustrate control over the number of codes generated, are defined 
as follows: 

f v (x) = mod 29 (x 2 + x + 17) 
f 6) (x) = mod 29 (x 2 + x + 26). 

After performing blocks 3 through 5, the occupancy arrays are generated for code 17 and code 
26. The code cycle for each code has 28 (= p-l) components and 784 (= (p-l) 2 = (28) 2 ) 
subcomponents, and each code has between 26 (= p-3) and 28 (= p-l) components containing 
signal portions within a subcomponent and between 0 and 2 components without a signal 
present. The occupancy arrays Cf lv and for code 17 and code 26, respectively, are; 

C ai) = [23, 41, 56, 95, 125, 160, 184, 210, 239, 260, 297, 328, 353, 366, 399, 435, 473, 
500, 504, 555, 574, 590, 640, 660, 753, 767] 

C a6) = [14, 36, 65, 108, 120, 159, 190, 213, 235, 254, 287, 327, 343, 382, 397, 431, 449, 
513, 546, 577, 606, 666, 682, 710, 729, 780]. 

Figure 13 depicts the autocorrelation of code 17 for 784 subframe offsets across the code cycle. 
The autocorrelation has a maximum value of 4 disregarding the zero offset value of 26. One 
skilled in the art will recognize that the autocorrelation for the zero offset has a value of 26 
because the code specifies that a signal portion is not present in two of the 28 components. Had 
the code specified that all 28 components have signal portions present, the correlation for the 
zero offset would have a value of 28. Similarly, had the code specified that one of the 28 
components not have a signal portion present, the -correlation for the zero offset would have a 
value of 27. Thus, unlike prior art codes, where the autocorrelation for the zero offset of a code 
specifying the signal portions within a value layout having n components is n, the autocorrelation 
for the zero offset of a code can be n, n-l 9 or n-2 depending on the number of components 
without a signal present, which can be zero, one, or two. 
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Figure 14 depicts the cross-correlation between code 17 and code 26 for 784 subframe offsets 
across the code cycle. The cross-correlation between codes 17 and 26 has a maximum value of 
4. 

Example 3 

5 In Example 3, a slightly smaller code cycle than that of Example 2 is generated. As per block 1, 
the following are selected: p = 23; a =19 of GF(23) and J3 = 1 1 of GF(23), and 19 and 1 1 are 
verified as primitive in GF(23). Applying blocks 2 through 5, occupancy arrays C are generated 
for the 24 codes of the code family as shown in Figure 15. Each row in Figure 15 corresponds to 
one of the codes. The code cycle for each code has 484 (= (pA) 2 = (22) 2 ) subcomponents, and 

10 each code has either 20, 21 or 22 (p-3, p-2, or p-l) components containing signals within a 
subcomponent. Figure 15 also illustrates the code compression aspect of the current invention, 

;S where several of the 24 codes of the code family can be seen to be shorter than the others due to 

^ the occupancy array method of representing them. 

Ji Figure 16 illustrates the maximum correlation values between the 24 codes in the code family. 
I p The code values are illustrated in the form of a 24 x 24 matrix. The elements on the main 

* diagonal of the matrix (shaded elements) are the maximum autocorrelation values for each of the 
Q 24 codes disregarding the zero offsets where autocorrelation values are 20, 21, and 22. The 
J | elements off the main diagonal of the matrix are the maximum cross-correlation values between 
Q the 24 codes of the code family. The matrix illustrates that the autocorrelation values for each of 

* 20 the 24 codes have a maximum value of 4 disregarding the zero offsets and that the cross- 

correlation values between the 24 codes have a maximum value of 4. 

The invention has been described as a method for generating codes. These codes can be used, 
for example, to specify characteristics of pulses used in an impulse radio system. In addition, 
one or more of the inventive codes and/or the inventive method for generating one or more of the 
25 inventive codes can be stored in a computer readable-medium. A "computer-readable medium" 
refers to any storage device used for storing data accessible by a computer. These codes can 
have additional applications when used as part of a computer. A "computer" refers to any 
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apparatus that is capable of accepting a structured input, processing the structured input 
according to prescribed rules, and producing results of the processing as output. Further, the 
codes of the invention can generally be considered numerical sequences for use with various 
systems to, for example, communicate and/or store information. In addition, the method of the 
invention for generating codes can generally be considered a method for generating numerical 
sequences for use with various systems to, for example, communicate and/or store information. 
Other systems for using the codes of the invention will become apparent to those of ordinary 
skill in the art. 

The invention is described in detail with respect to preferred embodiments, and it will now be 
apparent from the foregoing to those skilled in the art that changes and modifications may be 
made without departing from the invention in its broader aspects, and the invention, therefore, as 
defined in the claims is intended to cover all such changes and modifications as fall within the 
true spirit of the invention. In particular, those skilled in the art will recognize that various 
conventions such as the assignment of matrix columns to layout components and matrix rows to 
layout subcomponents, the order in which a matrix or an array is used, an enumeration scheme, 
etc. are not limiting of the invention and that an alternative convention can be employed and 
described equations and methods of the invention can be modified consistent with the alternative 
convention without departing from the invention. 
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